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Monodispersed,  spherical  nanoparticles  of  the  BaTiO3–polyvinylpyrrolidone  (BT–PVP)  composite  were
synthesized  through  the  surface  modiﬁcation  of the  oxide  BT  by  the  polymer  PVP,  using  TiCl4, BaCl2,
PVP,  and KOH  (as the  mineralizer)  in  an  aqueous  solution.  To  reduce  the size  of the  particles  and  ensure
that  they  were  monodispersed,  the concentrations  of  the  Ba and  Ti  sources  were  increased  and  the reac-
tion  parameters  such  as reaction  temperature,  reaction  time,  and  KOH  concentration  were  optimized.
As  a result,  monodispersed  BT–PVP  particles  with  an  average  diameter  of 114  nm  (coefﬁcient  of  varia-
tion,  CV =  20.0%)  were  obtained  from  a Ba-rich  solution  ([Ti]/[Ba]  =  0.2  M:0.3 M;  [KOH]  = 1.4 M), and  theironodispersed
arium titanate
olyvinylpyrrolidone
article size
ources concentration
educed size
dynamic  light  scattering  in  an  aqueous  suspension  demonstrated  that  the  average  diameter  was  162 nm
(CV  =  26.6%).  A higher  KOH  concentration  resulted  in  smaller  particles,  but the  excess  KOH  promoted
particle  aggregation  and  PVP  gelation.  The  mechanism  of dispersion  and  aggregation  of  BT–PVP  will be
discussed  in detail.
©  2016  The  Ceramic  Society  of Japan  and  the Korean  Ceramic  Society.  Production  and hosting  by
Elsevier  B.V.  This  is an  open  access  article  under  the  CC  BY-NC-ND  license  (http://creativecommons.org/. Introduction
Barium titanate (BaTiO3, BT) is used in electronic devices, mainly
ultilayered ceramic capacitors (MLCCs), owing to its excellent
ielectric, ferroelectric, piezoelectric, and thermoelectric charac-
eristics [1]. There are many types and sizes of MLCCs, denoted
y metric codes such as 1005 (1.0 mm (L) × 0.5 mm (W)), 0603
0.6 mm × 0.3 mm),  and 0402 (0.4 mm × 0.2 mm).  Over the last
ecade, the market demand for small MLCCs has considerably
ncreased; for example, the number of 0603 chips used in mul-
ilayers reached 7000 million, surpassing that of 1005 chips over
he course of just a few years [2]. As the current market requires
evice miniaturization, larger capacity, and high performance, the
ielectric layer constituting MLCCs must be thinner than 0.5 m.
The synthesis of spherical, uniform BT nanoparticles is an impor-
ant step toward the production of thinner dielectric ﬁlms. This has
lmost been achieved with wet-chemical methods such as sol–gel∗ Corresponding author at: Electroceramics Research Group, Inorganic Functional
aterial Research Institute AIST, Nagoya 463-8560, Japan. Fax: +81 52 736 7244.
E-mail address: w.shin@aist.go.jp (W.  Shin).
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ttp://dx.doi.org/10.1016/j.jascer.2016.09.001
187-0764 © 2016 The Ceramic Society of Japan and the Korean Ceramic Society. Producti
icense (http://creativecommons.org/licenses/by-nc-nd/4.0/).licenses/by-nc-nd/4.0/).
[3–7], hydrothermal [8–12], low-temperature direct synthesis [13],
and polyvinylpyrrolidone (PVP) modiﬁcation processes [14], which
can easily prepare BT nanoparticles. However, aggregation is a crit-
ical problem for nanoparticles, which makes re-dispersion very
difﬁcult, and BT nanoparticles are of no exception. The aggregation
of nanoparticles will result in defects in the dielectric layer and
decrease the performance of MLCCs. Synthesis of high-dispersion
nanoparticles is thus a very challenging task.
Recent efforts to solve this problem can be classiﬁed into three
approaches. The ﬁrst is directly adding a polymeric dispersant to
the nanoparticle suspension [15–17]. In the second method, the
polymer dispersant reacts with the nanoparticles, whose surface is
pretreated by hydroxylation [18]. These two  methods require two
steps to realize re-dispersion. In contrast, the polymer dispersant
is directly added to the reaction solution with the raw material
for nanoparticle synthesis in the third method [19–24], which can
simply resolve issues regarding dispersion and particle size in a
single step.
Recently, we developed a novel process of BT nanoparticle syn-
thesis that is based on modiﬁcation by the polymer PVP [14].
This is the ﬁrst report of BT synthesis in a single-step reaction of
TiCl4, BaCl2, and PVP in an aqueous solution. Spherical, 300-nm
core–shell BT–PVP particles were obtained, and the particles were
monodispersed in water. In this process, BT particle precipitation
on and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
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SFig. 1. The preparation
nd modiﬁcation by PVP, which were the origins of particle disper-
ion, were carried out in a single step. However, as the particle size
ecreased, dispersion became difﬁcult and the particles began to
ggregate.
In general, the size and size distribution of the particles depend
n the rates of nuclei formation and particle growth, which are
trongly affected by the solution supersaturation, temperature,
oncentration of raw materials, and pH (through the addition of
OH). In the study reported here, the effects of process parameters
ere systematically investigated to achieve better controllability
f the particle size and dispersion of BT–PVP. Herein, we  discuss
he factors of change in size and the origin of good dispersions, and
ow they were related to the concentration of KOH in the solution.
. Experiment
.1. Synthesis of BT–PVP nanoparticles
The typical procedures of the BT preparation process and char-
cterization are shown in Fig. 1. The concentrations of KOH and the
aw materials (Ti and Ba sources), as well as the reaction tempera-
ure and reaction time were varied; the values of these parameters
re summarized in Table 1. Since the KOH concentration in the solu-
ion used in the study was higher than 1.57 M,  the pH of the solution
as over 14.
First, the Ba and Ti sources – 0.2 M BaCl2·H2O (99.0%, Wako
ure Chemicals Industries, Japan) and an aqueous 0.2 M TiCl4
olution (99%, Wako Pure Chemicals Industries, Japan) that was
lowly released in droplets in cooled distilled water) – were
ixed in a 200-mL reaction container. PVP (Mw = 10,000 g/mol,
igma–Aldrich, USA) was simultaneously added to the mixture
hile stirring. After PVP was completely dissolved in the mixed
olution, KOH (85%, Wako Pure Chemicals Industries, Japan) was
lowly added dropwise. Finally, the mixed solution (80 mL)  was
eated to 80 ◦C and left to react for 1 h at that temperature. After
ooling, solid precipitates were obtained by centrifugation. After
he precipitates were washed with distilled water and ethanol, they
ere dried at 60 ◦C for 24 h..2. Characterization
The powder was characterized by X-ray diffraction (XRD;
martlab, Rigaku Corp., Japan), ﬁeld-emission scanning electronnalysis of BaTiO3/PVP.
microscopy (FE-SEM; JSM-6335M, JEOL Ltd., Japan), and high-
resolution transition electronic microscopy (HRTEM; US70, Hitachi
Ltd., Japan). The size and distribution of the particles were deter-
mined by analyzing the FE-SEM images with the specialized
software SMileView (JEOL, Japan). Dynamic light scattering (DLS;
FPAR-10001, Otsuka Electronics Co., Ltd., Japan) was  used to evalu-
ate the dispersibility and size distribution of particles in an aqueous
solution containing a dispersion of 1 wt% BT; ﬁve sequential mea-
surements were made for each data point. The amount of PVP
adsorbed on the surface of BT was  evaluated by thermogravi-
metric analysis (TGA; TG-DTA2010SA. Bruker AXS K.K., Germany).
The chemical bonding of the PVP dispersant on the surface of BT
was identiﬁed by Fourier-transform infrared (FT-IR) spectrometry
(FT/IR-610, JASCO, Japan).
3. Results and discussion
3.1. Effects of reaction temperature and time
In our study, the effect of temperature on BT–PVP synthesis was
investigated. During the heating of the solution, four separate 4-mL
batches were collected using a micropipette, with one batch at each
of the solution temperatures of 75, 80, 85, and 90 ◦C. Fig. 2 shows
XRD patterns of BT solutions collected at different temperatures.
The XRD pattern of the 75 ◦C sample shows a BT peak with very
weak intensity. On the other hand, the BT peak is clearly shown in
the XRD pattern of the sample obtained at 80 ◦C, which is in good
agreement with the JCPDS card no. 79-2263, indicating that the BT
sample collected at 80 ◦C consisted of cubic crystals. Wada et al.
[13] and Hai et al. [14] also reported that the cubic crystal phase
of BT could be obtained at low reaction temperature and under
atmospheric pressure. The (110) plane was used to calculate the
crystallite size from the Scherrer equation. The crystallite size of BT
prepared at 75, 80, 85, and 90 ◦C was  20.9, 42.3, 39.7, and 39.7 nm,
respectively, indicating that the crystallite growth was very fast
and stopped when the temperature exceeded 80 ◦C.
Fig. 3(a) shows FE-SEM images of the dried products collected
at various temperatures (75–90 ◦C). The sample collected at 75 ◦C
after drying appeared as a gel, and no clear image of the parti-
cle was  obtained. This is supported by the XRD pattern, which
indicated that BT crystals were not the main component. The uni-
form spherical nanoparticles appeared at 80 ◦C, and the particle
size slightly decreased with increasing temperature. Fig. 3(b) shows
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Table 1
Different reaction conditions used for BaTiO3/PVP nanoparticle synthesis. The concentration of source Ti4+ was ﬁxed at 0.2 M,  PVP = 100 g/L.
Ba concentration (M)  Temperature (◦C) Time (min) KOH (M)
0.2 75, 80, 85, 90 60 1.79
80  0, 30, 60, 90, 120, 150, 180, 210, 240 1.79
80  60 1.57, 1.66, 1.75, 1.77, 1.79, 1.81, 1.84, 1.92, 2.27, 2.44
0.3  80 60 1.3, 1.35, 1.4, 1.5, 1.6, 1.7, 1.79
0.4  80 60 1.4, 1.79, 1.9
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Fig. 4. XRD pattern of BT–PVP samples collected when the reaction time
F
Big. 2. XRD patterns of BT–PVP samples collected when the solution reached the
eaction temperature of 75, 80, 85, and 90 ◦C. The other synthesis condition of
T–PVP is Ti4+:Ba2+ = 0.2 M:0.2 M,  KOH = 1.79 M,  PVP = 100 g/L.
n HRTEM image of a dried BT–PVP particle that was prepared at
0 ◦C for 60 min. Very small nanoparticles with a size below 10 nm
ggregated and other nanoparticle were formed next to the aggre-
ated nanoparticles, resulting in a spherical particle. Every small
anoparticle appeared to be single crystalline, and its interval of
attice fringe can be observed at about 0.404 and 0.287 nm,  which
gree with the spacing of the (100) and (110) planes of the cubic BT
tructure. It was observed from Figs. 2 and 4 that a small amount
f BaCO3 existed in BaTiO3, which probably originated from CO2 in
he atmosphere. As reported as Wada, a single phase of BaTiO3 can
e prepared in a N2 atmosphere [13].
ig. 3. (a) is FE-SEM images of dried, solid BT–PVP samples collected when the solution
T–PVP  is Ti4+:Ba2+ = 0.2 M:0.2 M,  KOH = 1.79 M,  PVP = 100 g/L, 1 h. (b) is HRTEM image of elapsed from 0, 60, 120, to 240 min. The other synthesis condition of BT–PVP is
Ti4+:Ba2+ = 0.2 M:0.2 M, KOH = 1.79 M,  PVP = 100 g/L 80 ◦C.
From the above results, it can be concluded that the BT–PVP
particles could be produced at temperatures at 80 ◦C and higher.
After the reaction solution reached 80 ◦C, samples were collected
when the elapsed time reached 20, 40, 60, 90, 120, 150, 180, 210,
and 240 min  to investigate the dependence of particle growth on
reaction time. Fig. 4 shows XRD patterns of these samples, which
indicate that the powder phase was  cubic, supporting the results
in Fig. 2 and proving that the crystal phase remained cubic and did
not change with reaction time. The particle size and morphology
were analyzed using the FE-SEM images shown in Fig. 5, and the
relationship between the particle size and reaction time at 80 ◦C
 reached the reaction temperature of 75, 85, and 90 ◦C. The synthesis condition of
dried, solid BT–PVP sample that prepared at 80 ◦C for 60 min.
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Fig. 5. FE-SEM images of dried, solid BT–PVP samples collected when the reaction time
Ti4+:Ba2+ = 0.2 M:0.2 M, KOH = 1.79 M,  PVP = 100 g/L 80 ◦C.
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oig. 6. Relationship between BT–PVP particle size and reaction time. The other syn-
hesis condition of BT–PVP is Ti4+:Ba2+ = 0.2 M:0.2 M,  KOH = 1.79 M, PVP = 100 g/L,
0 ◦C.
s plotted in Fig. 6. The FE-SEM images show that spherical parti-
les were formed at 0 min  (the start time), and their shape did not
hange with increasing reaction time. The reaction was completed
ithin several minutes for a raw material concentration of 0.2 M,
nd the nuclei for particle growth ceased to exist after that in the
eaction solution. It is considered that the PVP absorbed on the BT
urface inhibited further particle growth.
.2. Effects of Ba2+ and Ti4+ concentrationTo reduce the particle size, the concentrations of the Ti and Ba
ources were increased twofold compared to the sources used in
ur previous study [14]. In addition, the concentration of the Ti elapsed from 0, 60, 120, to 240 min. The other synthesis condition of BT–PVP is
source was ﬁxed at 0.2 M,  and the concentration of the Ba source
was set at three different levels of 0.2, 0.3, and 0.4 M.  The top row
of Fig. 7 shows FE-SEM images of the BT–PVP powder and the
bottom row shows the DLS analysis results of the aqueous 1 wt%
BT–PVP suspension. The average particle size of BT–PVP (measured
by FE-SEM) decreased from 130 to 62 and then 52 nm as the Ba2+
concentration was  increased from 0.2 to 0.3 and then 0.4 M. We
think that the driving force for nucleation became stronger with
increasing Ba2+ concentration and accelerated the nucleation of
small particles. A high Ba2+ concentration induced a rate of nuclea-
tion in the reaction solution and promoted crystallization, but at the
same time, the particle growth was  suppressed. This agrees with
the classical nucleation and growth model and the same tendency
was reported by Li and Shin [25]. In our study, the particle mor-
phology of the dry powder was  spherical and uniform regardless of
the particle size, as shown in the top row of images in Fig. 7.
The re-dispersion in an aqueous solution also changed with
increasing Ba2+ concentration, as shown by the increasing particle
sizes (measured by DLS) of 175, 296, and 386 nm in the bottom
row of images in Fig. 7. The particle size distribution was very
narrow at a Ba2+ concentration of 0.2 M,  but it became wider at
higher Ba2+ concentrations. Considering the particle sizes of 62
and 52 nm,  estimated by SEM, for the samples prepared at Ba2+
concentrations of 0.3 and 0.4 M,  respectively, the larger particle
sizes of several hundred nanometers estimated by DLS suggest
that several particles aggregated in the aqueous solution. It is well
known that small particles aggregated more much easily, so the
BT–PVP sample with high Ba2+ concentration must have had the
same aggregation behavior.3.3. Effect of KOH concentration
It is very important to control the process parameters associated
with the mineral agent of KOH because they strongly affect the
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aig. 7. FE-SEM images (top row) of BT–PVP prepared in different molar concentratio
rom  0.2, 0.3, to 0.4 M. The DLS pattern (bottom row) of 1 wt% BT–PVP aqueous susp
ormation of [Ti(OH)4]4−x and the chemical reaction of Ba2+ with
Ti(OH)4]4−x, as suggested by Lee et al. [26]. The BT–PVP particle
orphology, size, and dispersion were investigated by FE-SEM and
LS as the KOH concentration was adjusted.
The particle size measured by SEM (130 nm)  is almost the same
s that obtained by DLS (175 nm)  for the monodispersion. Izu et al.
27] has reported that it is common for the particle size measured
y DLS to be slightly larger than that measured by SEM, because
he particles sizes were calculated from the refractive index and
iscosity, respectively, of the dispersion liquid. They demonstrated
he trend with direct SEM observation of a monodispersion suspen-
ion of CeO2. Fig. 8 shows FE-SEM images of BT–PVP precipitated
t KOH concentrations of 1.57, 1.79, 2.27, and 2.44 M,  in which the
article size decreased from 210 to 130, 102, and 86 nm,  respec-
ively. However, monodispersion of the particles was achieved only
t 1.79 M,  as shown by the DLS analysis results in the bottom row
f Fig. 8.
Fig. 9(a) and (b) show the effect of the KOH concentration on the
T–PVP particle size, obtained by analyzing the FE-SEM and DLS
esults, respectively. The BT–PVP was synthesized at source ratios
f [Ti]/[Ba] = 0.2 M:0.2 M,  0.2 M:0.3 M,  and 0.2 M:0.4 M. Fig. 9(a)
hows the change in BT–PVP particle size measured by FE-SEM:
he particle size monotonically decreased with KOH concentration,
nd it decreased when there was excess Ba. The same tendency was
eported by Lee et al. [26] and Newalkar et al. [28]. The nucleation
nd crystallite formation of BT are considered to be accelerated
t higher KOH concentration and excess Ba concentration, so the
arge number of small crystals in the solution could have inhibited
article growth.
Fig. 9(b) shows the BT–PVP particle size estimated by DLS using
queous 1 wt% BT–PVP solutions. It also shows the range of KOHo of Ti4+:Ba2+ as the Ti4+ concentration is ﬁxed at 0.2 M,  and Ba2+ concentration vary
. The other synthesis condition of BT–PVP is KOH = 1.79 M,  PVP = 100 g/L, 80 ◦C, 1 h.
concentration for good dispersions, which was  changed from 1.7
to 1.9 M for a [Ti]/[Ba] ratio of 0.2 M:0.2 M,  and from 1.4 to 1.9 M for
[Ti]/[Ba] ratios of 0.2 M:0.3 M and 0.2 M:0.4 M.  The range shifted
to the low KOH concentration and became broad as the Ba con-
centration increased. The BT–PVP prepared with a source ratio of
[Ti]/[Ba] = 0.2 M:0.3 M and a KOH concentration of 1.4 M showed
monodispersion of the particles, as the particle size of 114 nm
measured by FE-SEM is close to the particle size of 162 nm mea-
sured by DLS. However, the sample prepared with a source ratio
[Ti]/[Ba] = 0.2 M:0.2 M showed monodispersion of the particles at a
different KOH concentration of 1.79 M;  its particle size was 130 nm
when measured by FE-SEM and 175 nm when measured by DLS.
The dispersion of BT–PVP gradually declined in solutions with other
values of KOH concentration, indicating that there was an optimum
concentration of KOH for nanoparticles of BT to be monodispersed
in an aqueous PVP-assisted solution.
At a KOH concentration of 1.79 M,  the particle size measured
by DLS increased with Ba concentration, as shown in Fig. 9(b), and
this trend reversed the particle size to that measured by FE-SEM,
as shown in Fig. 9(a). We  believe the BT–PVP particles that were
smaller than 100 nm easily aggregated, and they were interpreted
as large particles by DLS.
The amount of PVP adsorbed on the BT surface was  estimated
by thermogravimetric and differential thermal analysis (TG–DTA).
Fig. 10 shows a typical set of TG–DTA curves for BT–PVP. The weight
gradually decreased with increasing temperature (up to 800 ◦C,
and the weight loss at temperatures below 200 ◦C is considered
an outcome of dehydration [29]. The existence of the OH group
was conﬁrmed by the FT-IR spectrum at room temperature. The
weight loss at ∼320 ◦C was  mainly caused by the combustion of
PVP, as evidenced by the DTA peak [30]. For the sample that was
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Fig. 8. FE-SEM images (top row) of BT–PVP syntheses with different KOH concentrations and the DLS pattern (bottom row) of 1 wt%  BT–PVP aqueous suspension. KOH
concentration is 1.57, 1.79, 2.27, and 2.44 M.  The other synthesis condition of BT–PVP is Ti4+:Ba2+ = 0.2 M:0.2 M,  PVP = 100 g/L 80 ◦C, 1 h.
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f  Ti:Ba is 0.2:0.2, 0.2:0.3, and 0.2 M:0.4 M.  The synthesis condition of BT–PVP is PV
repared with a source ratio of [Ti]/[Ba] = 0.2 M:0.2 M,  the weight
f PVP adsorbed on the BT surface was estimated from the weight
oss to be 4.1 wt%.
Fig. 11(a) shows that the amount of PVP on the BT surface
ncreased with increasing KOH concentration. It is noticeable that
he KOH concentration affected not only the formation of particles,
ut also the amount of PVP adsorbed on the BT particle surface.
or the case of excess Ba (0.3 and 0.4 M),  the particles were small
nd they could easily aggregate. At the same time, the total surface
rea of BT–PVP became large, leading to an increase in the amount
f PVP adsorbed on BT.
The images in Fig. 11(b) were obtained by FE-SEM with a lowccelerating voltage of 2 kV (the PVP image was  not transmitted
t lower voltages). They offer a comparison of the different mor-
hologies of PVP adsorbed on the surface of BT samples prepared
t different KOH concentrations. The surface of BT–PVP prepareds size measured by FE-SEM (a) and DLS (b) respectively. The material sources ratio
 g/L 80 ◦C, 1 h.
using 1.79 M KOH was  very rough, and the amount of PVP was mea-
sured by TG to be just 4.1 wt%. The BT–PVP surface became smooth
as the KOH concentration was  increased from 2.27 to 2.44 M, with
the amount of PVP equal to 10 and 17 wt%, respectively. At a high
KOH concentration of 2.44 M,  the large amount of PVP on the BT
surface became a gel. The PVP gel could not be dissolved in an aque-
ous solution, and the BT–PVP could not be dispersed even with a
high-power ultrasonic homogenizer; instead, it turned into sedi-
mentation. This PVP gel is considered to represent typical popcorn
polymerization of a highly cross-linked PVP [31] that is insoluble
in water.
The interaction between PVP and the BT surface was analyzed by
FT-IR. Fig. 12 compares the FT-IR spectra of BT nanoparticles, PVP,
and BT–PVP. The inset shows a schematic illustration of the interac-
tion between BT and PVP. Comparing the spectra of PVP with that
of BT–PVP, we understand that BT–PVP was synthesized without
400 J. Li et al. / Journal of Asian Ceramic Societies 4 (2016) 394–402
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Fig. 12. Fourier transform infrared (FT-IR) spectra of PVP, BT–PVP, and BT nanoparti-
cle. The inset schematic illustrates the interaction between PVP and BaTiO3. BT–PVP
F
0
cig. 10. TG–DTA analysis of BT–PVP. BT–PVP was  synthesized at Ti:Ba = 0.2 M:0.2 M,
VP  = 100 g/L, 80 ◦C, 1 h. The amount of PVP adsorbed on the surface BT is calculated
y  the loss weight from 200 to 700 ◦C.
ny decomposition of PVP on its surface. The peak at 1663 cm−1 in
ig. 12, which is attributed to the stretching vibration of C O [32],
lightly shifts to a wavenumber that is lower than that of the peak
n the PVP spectrum (1669 cm−1). As reported for the synthesis of
onodispersed PVP-coated ZnO nanoparticles in an alkali solution
33], we can speculate in a similar way that the BT surface was  ter-
inated by hydroxide ions (OH−1) in the alkali solution, and PVP
as bound to BT via hydrogen bonds, as illustrated in the inset
f Fig. 12. This would have caused the carbonyl groups (C O) to
lightly shift toward lower wavenumbers.
.4. BT–PVP particle growth and dispersion mechanism
Two mechanisms for the formation of BT nanoparticles have
een proposed: dissolution–precipitation [34] and in situ trans-
ormation [35]. Based on the results presented in the previous
ections, the reaction in this study appeared to follow the
issolution–precipitation mechanism. Fig. 13 illustrates the mech-
nism of BT–PVP growth, aggregation, dispersion, and gelation.
ccording to the classical model of crystallinity and particle growth,
hen the KOH concentration was low, the number of BT crystallites
as relatively small in solution. The crystallites grew easily into
ig. 11. (a) is relationship of the adsorbed amount of PVP on the surface BT with different
.2:0.3, and 0.2 M:0.4 M.  The other synthesis condition of BT–PVP is PVP = 100 g/L 80 ◦C, 
oncentration of KOH is 1.79, 2.27, and 2.44 M.  BT–PVP was synthesized at Ti:Ba = 0.2 M:0was synthesized at Ti:Ba = 0.2 M:0.2 M,  KOH = 1.79 M,  PVP = 100 g/L, 80 ◦C, 1 h. BT was
synthesized at Ti:Ba = 0.2 M:0.2 M,  KOH = 1.79 M,  80 ◦C, 1 h.
large particles with dimensions of about 200 nm,  while the amount
of PVP on BT was relatively small because of the low KOH concen-
tration. Aggregation of BT–PVP nanoparticles occurred because the
van der Waals attractive force between them was stronger than the
dispersion effect of the surface PVP, as shown in Fig. 11.
As the KOH concentration was  increased, the particle size
decreased to around 100 nm,  and the amount of PVP was sufﬁcient
for its dispersion effect to work properly; the monodispersion of
BT–PVP was  realized as a result. Since PVP is a non-ionic disper-
sant, it was unlikely for BT–PVP to be dispersed in the aqueous
solution by electron repulsion, but the dispersion was achieved via
the steric effect of PVP.
At high KOH concentration, dissolution of the Ti(OH)x4−x ions
from amorphous precipitation of TiO2 was rapid, resulting in excess
Ba, which accelerated nucleation and crystallinity. Therefore, a
large number of small crystallites formed in the aqueous solution
and inhibited particle growth, as explained by the classical model
of crystallinity and particle growth, and the particle size decreased
to tens of nanometers. However, at high KOH concentration, the
amount of PVP adsorbed on the BT surface became excessive,
and BT–PVP formed sediments. The high KOH concentration could
 ratio of Ti:Ba and KOH concentration. The material sources ratio of Ti: Ba is 0.2:0.2,
1 h. (b) is FE-SEM images of BT–PVP prepared in different KOH concentration. The
.2 M,  PVP = 100 g/L, 80 ◦C, 1 h.
J. Li et al. / Journal of Asian Ceramic Societies 4 (2016) 394–402 401
Fig. 13. Schematic illustrates the mechanism of BT–PV
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[ig. 14. Relationship between particle size and Ti4+:Ba2+ molar concentration ratio
t  0.1:0.1 (PVP = 100 g/L, 90 ◦C, 1 h), 0.2:0.2, 0.2:0.3, and 0.2:0.4 (PVP = 100 g/L, 80 ◦C,
 h).
acilitate the formation of gel among PVP particles, lead to sedi-
entation.
. Conclusion
PVP-coated, spherical BT nanoparticles were prepared by a
ingle-step reaction at ∼80 ◦C using TiCl4, BaCl2, and PVP in an aque-
us solution system. The BT particles were monodispersed in water,
nd their average size was 114 nm with a narrow size distribution,
s conﬁrmed by FE-SEM and DLS analyses. The size and size distri-
ution of the BT particles depended on the rate of nuclei formation
nd particle growth, which were strongly affected by factors that
ncluded the reaction temperature, raw material concentration, and
se of KOH as a mineralizer. The relationship among the BT particle
ize, KOH concentration, and molar ratio [Ti4+]/[Ba2+] in our study
s summarized in Fig. 14. The following conclusions can be drawn
rom the study:) An earlier study showed that BT–PVP particles were prepared
with a [Ti4+]/[Ba2+] ratio of 0.1:0.1 and KOH concentration in the
range of 1.3–1.6 M,  and at a reaction temperature is 90 ◦C; the
particle size was 200–350 nm [14]. Compared with these results,
[
[
[P growth, aggregation, dispersion, and gelation.
the particle size in the current work was reduced to 40 nm by
increasing the source and KOH concentration while lowering the
reaction temperature to 80 ◦C.
2) The three distinct stages of agglomeration, dispersion, and gela-
tion were dependent on the KOH concentration and [Ti4+]/[Ba2+]
molar ratio. Each stage could be classiﬁed mainly by two reac-
tion conditions: KOH concentration and Ba2+ concentration. The
monodispersed BT–PVP particle size was  114 nm, obtained by
using a [Ti]/[Ba] molar ratio of 0.2:0.3 and [KOH] of 1.4 M.
For better process controllability, we examined the mechanism
of BT particle growth with a PVP surface coating and the origins of
good dispersion. Our results showed that they were related to the
concentration of KOH in a solution with an appropriately balanced
PVP content.
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